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摘 要 
海底地下水排泄（SGD）作为海岸带陆海相互作用研究的热点之一，不仅是
全球水循环的重要组成部分，更在海洋物质收支平衡中扮演着重要角色。地下河
口（STE）作为地下水排泄入海的重要通道，存在地下水与海水机械混合的同时，
还发生着许多生物地球化学反应，改变原来地下水的化学组成，使计算地下水输
送入海的物质通量变得更为复杂。因此，了解各化学成分在地下河口处的空间分
布特征和迁移演化规律，是合理评估地下水对近海生态环境影响的关键环节。 
本文是在国家自然科学基金“海底地下水排泄（SGD）的地球化学过程、物
质输送及其对海洋的贡献和影响（41372242）”的资助下完成。以漳州前湖湾沿
岸地区作为研究区域，对沿岸地下水、潮间带孔隙水进行了调查取样，并对水样
的主要阴、阳离子和营养盐进行了测试。在此基础上，首先，运用数理统计法和
水文地球化学分析法（Piper 图示法、离子比例系数、计算理论混合溶液和矿物
饱和指数），分析了沿岸地下水的水文地球化学特征和形成作用，探讨了潮间带
咸淡水混合过程中孔隙水化学成分的迁移和转化规律；然后，采用达西定律和水
量均衡法计算了地下淡水入海通量及其输送的营养盐通量。获得以下主要认识： 
（1）从陆到海方向，前湖湾沿岸地下水化学类型呈现明显的带状分布规律。
丘陵地区地势起伏大，地下水补排循环条件较好，水化学类型主要为
Ca·Mg-HCO3 型，化学成分主要来自硅铝酸盐矿物的风化溶解；山前台地地势有
所降低，并且风化残积含水层渗透性较差，地下水交替缓慢，水化学类型逐渐过
渡为 Ca-Cl 型；滨海平原地势平坦，地下水流动缓慢，水化学类型为 Na-Cl 型，
盐度较高，化学成分主要受溶滤作用、蒸发作用以及海水混合作用的综合影响。 
（2）前湖湾沿岸地下水的营养盐含量主要受到人为活动的影响，在滨海平
原的农田集中分布区，由于人工施肥及灌溉水的下渗作用，使得地下水中 NO- 3、
NH+ 4和 PO
3- 
4 含量相对较高。另外，由于岩石矿物（如硅铝酸盐和磷灰石）的风化
溶解作用，造成丘陵区地下水中 PO3- 4 和 SiO
2- 
3 含量相对较高。在含水层岩性、地
下水赋存条件的影响下，丘陵区地下水中 222Rn 含量明显高于滨海平原地下水。 
（3）陆源地下淡水在潮间带存在带状渗流分散排泄和泉水集中排泄两种方
式。带状渗流排泄分布在高潮线附近，在地下淡水排泄入海之前与海水发生了混
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合，因此，潮间带孔隙水中主要离子成分变化不仅受到咸淡水机械混合作用的影
响，而且还受到阳离子交换作用和矿物溶解与沉淀作用的影响。研究发现咸淡水
混合带普遍存在水体中 Na+与岩石颗粒上 Ca2+、Mg2+的交换作用，以及方解石、
文石、石膏的溶解作用和白云石的沉淀作用。 
（4）潮间带孔隙水的高含量 NO- 3主要来自受人为污染的陆源地下淡水，其
含量随盐度增大而减小是由于海水的混合稀释作用；孔隙水中 NH+ 4 和 PO
3- 
4 在咸
淡水混合过程中，存在不同程度的添加行为，推测主要与海水输送的有机物发生
氧化分解有关，但是，NH+ 4和 PO
3- 
4 在垂向剖面上则会分别因硝化作用和粘土矿物
的吸附作用而发生转化和移除；孔隙水中 SiO2- 3 主要受咸淡水混合作用的影响，
但在水体迁移过程中 SiO2- 3 还会因矿物风化作用而有所增加。 
（5）相比研究区地下水从陆到海的演化特点和化学形成作用，海底泉有其
特殊的水化学成分和径流途径，推测海底泉可能是丘陵区基岩裂隙水通过导水断
裂带运移至海边，并在较大的水头差作用下透过松散沉积物而出露于潮间带。 
（6）运用达西定律和水量均衡法计算了前湖湾滨海地区松散岩类潜水的入
海排泄通量，分别为 2.06×104 m3·d-1 和 1.73×104 m3·d-1，在此基础上保守估计了
地下淡水排泄时输送入海的营养盐通量，DIN 通量为 1.59×102 kg·d-1，PO3- 4 通量
为 0.64 kg·d-1，SiO2- 3 通量为 6.45×102 kg·d-1，受人为污染较严重的无机氮排泄入
海将对近海的生态环境产生一定影响。 
 
关键词：水文地球化学；海底地下水排泄；地下河口；前湖湾  
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Abstract 
Submarine groundwater discharge (SGD) has been become as one of the research 
focus of land-ocean interactions in coastal zone. It is an important component of 
global water cycle, and plays a great role in the budget of marine chemical material. 
Subterranean estuary (STE) is the pathway where groundwater discharge into the sea，
in this zone there exist not only mechanical mixing between groundwater and 
seawater but also many biogeochemical reactions which modify the chemical 
composition of  the water. The calculation of material flux which groundwater 
transport to the sea is not easy as expected, so studying on the spatial distribution and 
transportation pattern of each chemical components in STE are the key scientific 
problems of reasonable assessing the influence of groundwater to marine ecological 
environment. 
This study is supported by the project of submarine groundwater dischare (SGD) 
about its geochemical process, material transportation, constribution and effect to sea 
（41372242）, which belongs to the National Natural Science Foundation of China. 
The coastal area of Qianhu Bay, Zhangzhou was selected as the study area. For 
conducting this research, coastal groundwater and intertidal pore water samples were 
collected and analyzed for major anions, cations and nutrients. Based on above 
experiments, firstly the mathematical statistics and hydrogeochemical analysis method 
(such as Piper diagram, ion ratios, calculation of theoretical mixing solution and 
saturation index) were used to analyze the hydrogeochemical characteristics and 
corresponding forming processes of coastal groundwater, and discuss the 
transportation and transformation pattern of chemical components in intertidal 
salt-fresh water mixing zone. Then, Darcy’s law and water budget method were 
respectively used to estimate the water flux of groundwater discharging into the sea 
and its corresponding nutrients flux. The principal conclusions can be drawn as 
follows: 
(1) From land to sea, the chemical type of coastal groundwater presented banded 
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distribution. In the hilly land, due to high terrain, recycle condition of groundwater in 
recharging and discharging was better. The main hydrochemical type of groundwater 
was Ca·Mg-HCO3 which was mainly affected by lixiviation of aluminosilicate 
mineral. In the platform area，since declined terrain and poor permeability of 
weathered residual aquifer, circulation of groundwater was slow. The hydrochemical 
type of groundwater was dominated by Ca-Cl which presented the transitional feature. 
In coastal plain, groundwater flew slowly with flat topography. The hydrochemical 
type of groundwater became Na-Cl and its chemical components were 
comprehensively affected by lixiviation, evaporation and mixing with seawater.  
(2) Nutrients content in groundwater were mainly impacted by anthropogenic 
activities. Because farmlands were mainly distributed on the coastal plain, higher 
content of NO- 3, NH
+ 
4  and PO
3- 
4  in groundwater was influenced by artificial fertilizer 
and infiltration of irrigation water. In addition, due to weathering dissolution of 
mineral (aluminosilicate and apatite), the content of PO3- 4 and SiO
2- 
3  in groundwater of 
hilly land was higher. Under the combined effects of hydrogeological conditons like 
aquifer lithology and groundwater occurrence, 222Rn concent in groundwater of hilly 
land was significantly higher than that of coastal plain. 
(3) In the intertidal zone, terrestrial fresh groundwater presented two different 
discharging ways: seepage and spring. Groundwater seepage was distributed near the 
high tide, and before fresh groundwater discharged to sea, it mixed with seawater. So 
in addition to mechanical mixing between groundwater and seawater, variation of 
major ions in the intertidal pore water was affected by cation exchange, dissolution 
and precipitation of mineral. The study found that in the salt-fresh water mixing zone 
there exist not only exchange between Ca2+, Mg2+ in groundwater and Na+ in soil 
particles, but also calcite, aragonite, gypsum dissolution and dolomite precipitation. 
(4) Higher NO- 3 content in the intertidal pore water was mainly from terrestrial 
fresh groundwater which was affected by anthropogenic activities.Because of mixing 
dilution of seawater, NO- 3 content decreased with increasind salinity. NH
+ 
4  and PO
3- 
4  
in pore water showed non-conservative input in different level when fresh 
groundwater mixed with seawater, which was mainly related with degradation of 
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organic matter which was transported into intertidal zone by seawater. However, NO- 3 
and PO3- 4  in the vertical section would be respectively transformed and reduced by 
nitrification and sorption onto negatively charged clays. SiO2- 3  in pore water was 
mainly from the input of inland fresh groundwater and aquifer weathering. 
(5) Compared with chemical evolution and formation of groundwater from land to 
sea, submarine sping showed unique chemical characteristics and flowing pathway. It 
was inferred that formation of submarine spring was the deep bedrock fissure water in 
the hilly land flew along the fault zone and finally discharged to intertidal zone 
through unconsolidated sediment with high water pressure. 
(6) The fluxes of groundwater discharge were respectively estimated by Darcy’s 
law and water budget method to be 2.06×104 m3·d-1 and 1.73×104 m3·d-1. The 
conservative estimations of nutrients flux to northern Qianhu Bay were DIN：
1.59×102 kg·d-1；PO3- 4 ：0.64 kg·d-1；SiO
2- 
3 ：6.45×102 kg·d-1. Because groundwater 
which was polluted by anthropogenic activities discharge to the sea, the high flux of 
inorganic nitrogen with SGD would have an impact on the coastal ecological 
environment. 
 
Keywords: hydrogeochemistry; submarine groundwater discharge; subterranean 
estuary; Qianhu Bay 
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第一章 绪论 
1.1 海底地下水排泄的概念 
海岸带是陆地与海洋相互接触、相互作用的过渡地带，通常在这里，滨海含
水层与海洋自由相通，一方面地下水排泄入海，另一方面海水渗入含水层，地下
水与海水之间发生频繁的相互交换作用，这种交换作用被认为是“海底地下水排
泄（Submarine groundwater discharge）”[1]。目前，“海底地下水排泄”被广泛接
受的定义为：在陆架边缘，从海底排放进入海洋的任何形式的水流，不考虑其物
质组成、来源和驱动机制[2]。根据来源的区别，“海底地下水排泄”一般由两个
部分组成：海底地下淡水排泄（Submarine Fresh Groundwater Discharge, SFGD）
和再循环咸水排泄（Recirculated Saline Groundwater Discharge, RSGD）[3]。 
 
 
图 1.1 海底地下水排泄相关过程示意图[3] 
Fig. 1.1 Schematic depiction of processes associated with SGD[3] 
 
海底地下淡水排泄（SFGD）又称陆源地下水（terrestrial water）排泄，就是
传统水文地质学通常所认为的地下水排泄入海的过程，一般滨海含水层中的地下
水水位高于海平面，在水力梯度的驱动下，地下水就会以泉或面状渗流的方式向
海洋排泄。海洋学在此基础上进行了延伸，将海水在含水层的循环过程也划入“海
底地下水排泄”的范畴。显然，再循环咸水排泄（RSGD）来源于海水，最终归
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于海水，并没有使海洋的水量得到增加。而驱使海水在含水层中进行循环的作用
包括了潮汐泵、波浪波动以及密度差等[4]。在潮周期内，海水于涨潮时入渗含水
层，退潮时又从含水层返回海洋，若潮差较大，海水入渗的循环尺度就大，反之
则小。波浪则是通过起伏振荡迫使海水在渗透性表层沉积物中来回进出，该作用
下海水的循环尺度较小，但是循环频率最高。潮汐泵和波浪作用引起的再循环咸
水排泄通常只发生在近岸海域。另外，由于海水的密度大于地下水，在滨海含水
层中海水下伏于地下水构成咸水楔，在咸水楔的浅部海水向上扩散形成回流，从
而完成循环过程。 
1.2 海底地下水排泄的水量和化学通量研究 
1.2.1 地下水排泄的水量 
海底地下水排泄是维持海洋水量收支平衡的来源之一，更是全球水循环的重
要环节。在全球尺度上，根据水量均衡原理，每年输入海洋的地下淡水通量估算
大约为 2400 km3，约占河流径流入海通量的 6 %[2]。运用水文基流分割原理，计
算全球范围内地下水输入河流的流量，并假设该流量与在相同水文地质条件下的
地下水入海量相似，从而估算了全球的地下淡水入海量为 2200-2400 km3·y-1，是
河流径流输入量的 5-6 %[5]，与水量均衡法的结果相似。在区域尺度上，涉及 SGD
水通量的研究地点基本分布于北美洲的美国东海岸，南美洲的巴西中部海岸，欧
洲的地中海沿岸，大洋洲的澳大利亚海岸，以及亚洲的中国东南沿岸、韩国和日
本沿岸[6]（如图 1.2 中红色图标所示）。由于海岸带地质、构造和岩性情况等差
异性，各地 SGD 入海通量存在很大的区别。 
 
 
图 1.2 全球关于海底地下水排泄的研究分布[6] 
Fig. 1.2 Global studies and locations of SGD[6] 
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